Introduction
High yields and quality are among the prime objectives of plant breeders. In order to meet these goals, a very heavy reliance has been placed on the use of agrochemicals with an estimated annual expenditure of US$7.SHN on pesticides alone. Despite these levels of pesticide application, it is estimated that -40% of the crop production world-wide is lost to pests and diseases, with 14% of the loss directly attributable to insect pests.
The ever-increasing demands on yield and the projected shortfall in production relative to demand has led to an intensification of farming practice world-wide. This in itself has increased the potential for pest damage, and hence the requirements for control as illustrated by some of the highyielding rice varieties to come out of the 'Green Revolution'. Other agricultural practices, such as monoculture and continuous cropping [ 11 can also cause the build-up of a pest population, thereby exacerbating the problem of control, as can combining crops if both act as hosts for a common pest.
The 'blanket' approach to pesticide application employed hitherto has not only reduced the effective life-span of a given compound, but has also led to serious environmental consequences and concerns for human health [2] . However, there still remains the need to provide a greater and more efXcient level of protection to our crops. An integrated pest-control programme, comprising a combination of practices including the judicious use of pestiAbbreviations used: CaMV. cauliflower mosaic virus; CpTI, cowpea trypsin inhibitor; GNA, Galanthus nivulti; 1'1-11. protease inhibitor 11; P-Lec, pea lectin; PI'I 11, potato proteinase inhibitor 11; SHTI. soyabean Kunitz trypsin inhibitor.
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To whom correspondence should be addressed. cides, crop rotation, field sanitation, but above all, exploiting inherently resistant plant varieties, would appear to provide the best option [ 31. The last category may include the use of genetically engineered insect-resistant crops.
Insect digestive biochemistry
The conditions under which digestive processes take place differ considerably between insects and mammals, and between different orders of insects. Most mammals have an acidic foregut and a neutral midgut, which is the major site of digestion of proteins; the mammalian endoproteases thus function at pH -7-8. The midgut in lepidopteran larvae, in contrast, is highly alkaline, and the digestive proteases have optimal activity at pH 10-1 1 [4] . Larvae of phytophagous coleopterans have acidic conditions in their midgut regions, with pll optima for digestive enzymes typically in the region 4-5.
Whereas enzymes with apparently similar properties to mammalian trypsin and chymotrypsin can be found in these and other orders of insects, the assumption that any inhibitor of the mammalian enzymes will also be effective against the digestive proteases of any insect species, and thus be antimetabolic, is not valid. Adaptations in the type of enzyme used for digestion are also found; seed weevils feeding on plant tissues rich in inhibitors of serine proteases have replaced these digestive enzymes with a thiol protease [S,6]. The ultimate adaptation is found in many sucking pests, that do not appear to have any digestive protease activity, relying on free amino acids in the phloem as a nitrogen source. For these reasons, a knowledge of the digestive physiology and biochemistry of the target pest in question is therefore highly desirable. This will aid the selection of appropriate gene candidates for their control.
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The efficacy of the different plant-derived insect-resistance genes will be discussed by insect order and limited to the two orders Lepidoptera and Homoptera, which together account for > 60% of the chemical insecticide market.
Approaches to the control of Lepidoptera
Lepidoptera are the moths and butterflies and it is the larval stage, the caterpillars, which cause crop damage. This order includes both field and storage pests and accounts for -37% of the insecticide market.
Use of plant protease inhibitor genes
The presence of antimetabolic proteins which interfere with digestion in insects is a strategy for defence that plants have used extensively. Such proteins can occur constitutively or in response to wounding [7] (for detailed reviews on the roles of proteinase inhibitors. see [8, 91) . The most common attempted use for protease inhibitors has been as protection against larvae of phytophagous lepidopterans. Work carried out in Durham and by others [ 101 has sought to determine the relative abilities of different protein protease inhibitors to inhibit the major gut proteases of target lepidopteran larvae, and to prevent proteolytic degradation of ingested proteins. Hased upon these results, and in some cases the effects of proteinase inhibitors on larval development in artificial diet studies, genes encoding such inhibitors have been successfully selected and transferred to other plants, resulting in significantly enhanced levels of protection.
Transgenic @ants expressing the CpTl gene
Cowpea trypsin inhibitor (CpTI) is a small polypeptide of -80 amino acids, belonging to the Howman-Hirk inhibitor family [ 111; homologous sequences are encoded by a moderately repetitive gene family in the cowpea genome [ 121. Because of its broad spectrum of insecticidal activity [9] and apparent lack of mammalian toxicity [ 131, genes encoding CpTI were considered ideal candidates for crop protection.
A full-length cDNA clone encoding a CpTI isoinhibitor active against trypsin only was produced, and the coding sequence was placed under the control of a cauliflower mosaic virus (CaMV) 35.5 promoter in the final construct produced for transfer to plants [ 141. After standard transformation and selection procedures, the transformed plants were shown to be expressing CpTI in the leaves by a dot-blot immunoassay. CpTI accumulated to levels ranging from undetectable to nearly 1% of total soluble protein, and was shown to be expressed in a fully functional form and to be corderived genes in other plants can be achieved without the problems of very low expression levels due to codon usage, mRNA stability, protein processing, etc. that have been observed when attempts have been made to express proteins derived from non-plant sources.
Rio-assays of primary transformants expressing high levels of CpTI, and subsequent generations derived from self-set seed, were shown to be significantly resistant to attack by the cotton budworm (Heliothis virescens). Although the larvae begin to feed on the CpTI-expressing plants, causing some limited damage, they either die or fail to develop as they would on control plants, leading to reduced survival and lower total insect biomass [ 141. These observations are consistent with CpTI acting to decrease amino acid availability, and thus leading to a failure to take up enough of the critical amino acids to ensure normal development, as proposed by earlier authors [ 151.
Recent trials carried out in California showed that expression of CpTI in tobacco afforded significant protection in the field against Helicovetpa zae [ 161. This field trial ran assays of plants expressing Ht toxin [ cyIA(c) gene, from Bacillus thuringknsk HI>-731 and CpTI in parallel. The results clearly demonstrated the efficacy of the I3t gene, but also showed that the CpTI gene has a negative effect on both larval survival and plant damage. However, this effect was not always significant, and results with the CpTI transgenic plants showed variability from one trial to another, suggesting that the degree of protection afforded by the CpTI gene [and, 
Approaches to the control of Homoptera
Sucking insect pests, of the order Homoptera, cause serious crop damage both directly and by acting as vectors for plant pathogens. Furthermore, they are difficult to deal with using conventional pesticide regimes because of their rapid adaptation, resulting in insecticide-resistant phenotypes, and despite some success with biological control there is a need for improving the endogenous resistance of plants. This order accounts for 26% of the insecticide market.
Bioossay of potential insecticidal proteins
T o attempt to tackle the problem of producing transgenic plants with resistance to sucking pests, it was necessary to identify products of genes that would be effective and which would be expressed in transgenic plants using existing technology. Rice brown planthopper (Nilapurvutu lugens) was chosen as a test organism because it is an economically important pest in south-east Asia. The bioassay system developed for rice brown planthopper used a liquid diet, which was fed to the insects under pressure through a parafilm membrane, and has been described elsewhere 1201. As expected, the inhibitors of digestive enzymes which were tested (CpTI and wheat a-amylase inhibitor), had no effect on planthoppers, which have been reported not to possess digestive endoproteinases and do not digest starch. € Iowever,
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when a series of lectins were tested, although some (for example, pea lectin and potato lectin) had no significant effect on insect survival, others (for example, concanavalin A and wheat germ lectin) did. The most effective protein tested was the lectin from snowdrop (Galanthus nivulis; GNA), which gave -80% corrected mortality at a concentration of 0.1% wlw in the diet, and an LC;,, value of 0.02%. GNA was also toxic to another sucking pest tested, the rice green leafhopper [ 201.
These studies have been extended to the peachlpotato aphid Myzusperskue [21] and, in collaboration with RahbP and colleagues, to the pea aphid Acyrthoszphon pisum. Not only did GNA cause a significant reduction in growth of M. perszcue, but it also significantly reduced the female fecundity, a very important parameter when trying to prevent the build-up of an insect population.
Use o f a gene encoding GNA
On the basis of the bioassays. a gene encoding GNA could be identified as having potential in engineering plants for resistance to sucking insects. A 'proving' experiment would, if successful, provide a basis from which to develop the system, when information on the mechanism of action of the protein became available. T o carry out such an experiment, three requirements had to be met: first. a sequence encoding GNA had to be obtained; second, a suitable promoter for expressing the protein in phloem sap had to be constructed; and third, a suitable insectlplant bioassay system for the effects of (;NA had to be devised, in the absence of a rapid and straightforward transformation system for rice.
(;NA is a tetrameric protein with a subunit molecular mass of -13 000 I)a and has a binding specificity to i)-mannosyl residues [ 221. A cDNA encoding GNA was obtained from the laboratory of W. Peumans and E:. van Damme [23] . GNA is a heterogeneous protein as isolated from snowdrop bulbs, and is apparently encoded by a large gene family; however, the use of a cDNA clone ensured that the sequence used was expressed in the source plant. Initial experiments placed the GNA coding sequence under control of the CaMV 35s promoter, and looked at expression in transgenic tobacco plants. Achieving reasonable levels of expression of GNA proved to be straightforward. The complete coding sequence gave rise to levels of GNA protein up to 1% of total protein in leaf tissue of primary transformants. as determined by quantitative dotblot immunoassay using anti-GNA primary antibodies. The functional integrity of GNA expressed in the transgenic tobacco was demonstrated by haemagglutination assay.
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Phlocm-specific expression Although immunolocalization of GNA in transgenic tobacco plants expressing the CaMV-GNA construct showed that GNA was present in phloem cells, as well as in all other tissues, a phloemspecific promoter would possibly lead to higher levels of the protein in phloem tissue, and might be advantageous under some circumstances in confining expression to the site of insect attack.
Hecause the maize sucrose synthase gene (Sh-I) has been shown to be specifically expressed in phloem (and in developing grains), and the promoter from this gene has been characterized by reporter gene assays in transgenic tobacco [24] , the promoter from the corresponding rice gene was chosen as optimal for the ultimate aim of engineering resistance to sucking pests into rice. The rice sucrose synthase gene RSsI has been isolated, characterized and fully sequenced 1251, and its promoter (1.9 kb of 5' flanking sequence, plus the transcription start, first exon and first intron of the gene) has been tested in transgenic tobacco by means of a suitable reporter gene (gu) fusion. The R S s I -p chimaeric gene directs expression of GUS protein in the phloem tissue of leaves, stems, petioles and roots of transgenic plants with no detectable expression in other tissues, as required [26] .
A similar RSsI-promoter fusion to the GNA coding sequence was used to direct the phloemspecific expression of GNA. Transgenic tobacco plants expressing this construct were shown to be expressing GNA in phloem cells by immunolocalization. and a novel method was used to demonstrate that the foreign protein was present in the phloem sap [ 261. Peach-potato aphids ( M y m persicue) were allowed to feed on the phloem-specific GNAexpressing transgenic tobacco plants, and the excreted honeydew from the insects (1 p l ) was collected on nitrocellulose membranes. The dots of honeydew were then tested by blot-immunoassay, using anti-GNA antibodies, for the presence of GNA. Honeydew from aphids fed on transgenic plants gave a positive reaction, whereas that from control plants was negative. This experiment proved that GNA must have been present in the phloem sap ingested by the aphids, and proves the viability of the promoter-coding sequence fusion used for the transformation. Hesides promoterdetermined tissue-specific expression, it shows that the GNA protein is transported to the phloem sap from its site(s) of synthesis in the companion cells and immature sieve elements and that the protein is not subjected to rapid proteolytic degradation, or immobilization on phloem structures, once there.
Transgenic plants expressing GNA
The final requirement for the 'proving' experiment of GNA-mediated engineered resistance is a suitable insect bioassay system for transgenic plants.
Because M. perskae was shown to be sensitive to the effects of GNA in artificial diet bioassays, and develops well on both potato and tobacco, it was chosen as the model homopteran. Tobacco plants expressing GNA were found to be significantly resistant to these aphids [21] . It is interesting to note that in non-transformed tobacco plants the highest aphid density is on the lower leaves, precisely those leaves where GNA accumulation in transgenic tobacco is the greatest. GNA-expressing potato plants were also shown to be significantly resistant to these and other species of aphid, with a very marked deleterious effect upon fecundity.
Conclusion
Engineering transgenic plants to express foreign insecticidal proteins is a viable means of producing crops with enhanced levels of insect resistance, which, if adopted, could complement other forms of crop protection. The technology has the potential to move farming closer to ecologically sustainable practices, both in the Developed and Developing parts of the world, and thus could make a considerable impact on agricultural systems in the future. Development of this technology could lead to products that are of value both to subsistence and commercial growers.
Introduction
Transgenesis is a relatively new approach to the study of signal-transduction pathways in plants. Previous investigations have been largely based on information gleaned from animal cells. These have identified several possible pathways and signalling intermediates that may be involved in plants, for example, Ca'+ ions, G-proteins, cyclic AMP, phosphoionsitides and protein kinases. A number of these intermediates have been identified in various plant systems both at the biochemical and molecular level. A key potential advantage of working with plants is that they are readily amenable to transgenic studies, which may allow more speedy progress in the elucidation of function than equivalent studies in animal systems. Substantial progress has been made over the past five years in unravelling signalling processes using both mutants and transgenic plants, e.g. the ethylene signal-transduction pathway [ 11. Nevertheless, the field is in its infancy and the metabolic implications of these studies for most of the systems being studied are as yet unknown.
GTP-binding proteins
There are two classes of GTP-binding proteins: the small, monomeric GTP-binding proteins and the heterotrimeric G-protein family. The small GTPbinding proteins have a molecular mass of between 20 and 25 kDa, depending upon the species from which the protein has been isolated [2, 3] . Using mammalian heterologous probes, genes similar to ras genes have been isolated from sugar beet [4] and maize [ 51 which have been shown by Northern analysis to be actively transcribed in these plants. Several cDNAs, and in some cases genes, which code for GTP-binding proteins have now been isolated by screening libraries or by using oligonucleotide probes [ 6 ] . The expression patterns of these clones or genes indicate that they appear to be distributed throughout plant tissues, but as yet functionality, determined by heterologous binding in Escherichiu coli, has been demonstrated for only a few examples [7, 8] . Evidence so far obtained suggests that the GTP-binding proteins in plants appear to belong to a multigene family [7] .
The heterotrimeric G-protein family have not been so easily identified so far, only two related G, subunits have been cloned [ 9, lo] , and evidence suggests that the plant G-proteins may be quite different to their mammalian counterparts. Of the monomeric GTP-binding proteins so far described, there appears to be sequence similarity among a range of plant species, suggesting conservation of function. Sequence similarity with mammalian GTP-binding proteins suggests a function in secretion or intracellular-mediated transport. Transient expression studies in protoplasts using the RAS2 gene of yeast [ 113 have indicated that function is dictated by the species used for protoplast preparation. In Nicotiuna plumbaginifliu, expression of this gene blocked cell division and proliferation, but in other species, including Arabidopsis, carrot and maize, expression did not affect cell survival [ 1 11.
Stably transformed tobacco plants containing sense and antisense constructs of the rgpl gene, which encodes a rice GTP-binding protein, demonstrated altered phenotypes, including a reduction in apical dominance and increased tillering, together with dwarfism or abnormal flowering [ 121. The biochemical basis for these changes, which were apparent with both sense and antisense constructs, remains to be established.
